[1] In this paper we investigate how the parameters of the ionosphere and the low-altitude magnetosphere mediate the formation and spatiotemporal properties of small-scale, intense electromagnetic structures commonly observed by low-altitude satellites in the auroral and subauroral magnetosphere. The study is based on numerical modeling of a time-evolving, nonlinear system that describes multiscale electrodynamics of the magnetosphere-ionosphere coupled system in terms of field-aligned currents, both quasistatic and Alfvénic. Simulations show that intense electric fields and currents with a perpendicular size of 10-20 km at 120 km altitude can be generated by a large-scale, slowly evolving current system interacting with a weakly conducting ionosphere, even without a resonant cavity in the magnetosphere. These structures form in the strong gradient in the ionospheric conductivity that develops at the boundary between the largescale upward and downward currents when the background ionospheric Pedersen conductivity, S P , is low but higher than the Alfvén conductivity, S A = 1/m 0 v A , above the ionosphere. When S P % S A the ionosphere can generate electromagnetic waves with perpendicular sizes less than 10 km. These waves can be trapped inside the cavity of the classical ionospheric Alfvén resonator, and their amplitude can be significantly amplified there by the ionospheric feedback instability.
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Introduction
[2] Recent theoretical and observational studies provide significant support to the idea that the ionosphere plays a major role in the formation and dynamics of small-scale, intense electromagnetic structures commonly observed on low-altitude satellites traversing the auroral and subauroral magnetosphere. One particularly well-studied mechanism for the generation of small-scale structures is the ionospheric feedback instability (IFI) introduced by Atkinson [1970] . The basic idea of this mechanism can be explained in terms of ''overreflection'' of small-scale Alfvén waves from the ionosphere in the presence of a large-scale DC electric field Feldstein, 1984, 1991; Lysak and Song, 2002] . ''Overreflection'' means that the amplitude of the Alfvén wave reflected from the ionosphere can be greater than the amplitude of the incident wave. This situation can happen when the field-aligned current in a small-scale wave locally enhances the ionospheric conductivity; this increment in conductivity reduces Joule dissipation of the large-scale electric field at this location. The free energy is then released in the form of a field-aligned current propagating from the ionosphere. The contribution of this current to the current in the reflected wave can make the reflection coefficient greater than 1. If the small-scale wave interacting with such an active ionosphere becomes trapped in a resonant cavity in the magnetosphere, then ionospheric feedback can lead to amplification of the wave amplitude and, as a result, to instability.
[3] Thus two necessary conditions for the ionospheric feedback instability are (1) existence of a resonant cavity in the magnetosphere and (2) presence of a large-scale quasistatic or slowly evolving electric field in the ionosphere. Traditionally, IFI has been studied in two magnetospheric cavities. One, formed by the entire closed magnetic flux tube bounded by conjugate ionospheres, is a global resonator [Atkinson, 1970; Sato, 1978; Watanabe et al., 1993; Pokhotelov et al., 2002a] ). Another cavity, the ionospheric Alfvén resonator (IAR), is formed by the ionosphere and the strong gradient in Alfvén speed in the low-altitude magnetosphere, where upward propagating Alfvén waves are partially reflected [Polyakov and Rapoport, 1981; Trakhtengertz and Feldstein, 1984; Lysak, 1991; Pokhotelov et al., 2000; Lysak and Song, 2002] . Studies by Trakhtengertz and Feldstein [1991] , Pilipenko et al. [2002] , and Streltsov and Lotko [2003b] suggested that the quality of IAR can be improved if a resistive layer produced in the low-altitude magnetosphere by plasma microturbulence serves as the upper boundary of the resonant cavity.
[4] The large-scale perpendicular electric field necessary for the development of IFI is induced in the E-layer either by quasi-static processes involving megnetospheric convection or by dynamic magnetospheric processes that impress large-scale, ultra-low-frequency Alfvén waves on the ionosphere. The regions 1 and 2 of the current system of Iijima and Potemra [1976] are prime examples of a large-scale quasi-static current convection system. The dynamic solar wind-magnetosphere interaction, variable high-speed flows in the magnetotail [Angelopoulos et al., 2002] , and field line resonances all lead to field-aligned current systems carried by shear Alfvén waves [Wygant, 2000; Keiling et al., 2000] . The generation of the electric field in the ionosphere by the field-aligned current requires that the ionospheric conductivity should be relatively low. Thus it is reasonable to expect that IFI should develop in regions of the downward fieldaligned current. Downward currents deplete the plasma density in the ionosphere, lower the conductivity there, and increase the amplitude of the induced perpendicular electric field [Streltsov and Lotko, 2003b] . For example, this scenario could be the core mechanism for the generation of the electric field inside the Subauroral Polarization Stream (SAPS) regions [Foster and Burke, 2002] . In contrast, the downgoing electrons carried by upward currents increase E-region ionization and conductivity which reduces the induced electric field.
[5] The idea that IFI tends to occur in downward current regions is supported by a number of observations from low-altitude satellites (like DMSP, Freja, and FAST), which frequently observe small-scale intense electric fields and currents in larger-scale downward current channels [Marklund et al., 1997; Mishin et al., 2003] . One example of such observations is illustrated in Figure 1 (reproduced from Paschmann et al. [2002] ), where the north-south component of the electric field, E NS , and the east-west component of the magnetic field, B EW , recorded by the FAST satellite above the auroral ionosphere are shown. Regions where a large-scale quasi-static field-aligned current is directed downward are shaded with gray in this figure.
[6] Another example of small-scale electromagnetic structures measured by the DMSP F15 satellite above the nighttime subauroral ionosphere is shown in Figure 2 , reproduced from Mishin et al. [2003] . The bottom panel in this figure shows significant depletion in the background plasma density during the event, which exhibits small-scale oscillations in E NS and B EW near 1802:03 UT. (The detailed analysis of these fields is given by Streltsov and Mishin [2003] ). The common feature of the observations shown in Figures 1 and 2 is that in both cases small-scale oscillations are registered in the downward current channels above what should be a low-conductivity state of the nighttime ionosphere. The difference between these two cases is that the DMSP F15 satellite observed small-scale structures in E NS and B EW , but FAST registered small-scale disturbances in E NS only (assuming that this effect is not related to the postacquisition filtering of the measured magnetic field).
[7] In this paper we investigate formation and dynamics of small-scale intense electromagnetic structures resulting from the interaction of a large-scale, slowly evolving field- aligned current system with the ionosphere. The focus of this study is on the influence of ionospheric structure and parameters on the electrodynamics of small-scale intense electric fields and currents that develop at low altitudes. Propagation of shear Alfvén waves through the highly inhomogeneous ionosphere and low-altitude magnetosphere was investigated by Lysak [1999] . That study includes effects of the ionospheric Hall conductivity and coupling between shear and fast MHD modes but does not include the effect of the ionospheric feedback instability. The results presented here indicate that one of the key parameters determining the spatiotemporal properties of small-scale structures stimulated by ionospheric feedback in downward current channels is the ratio of the ionospheric Pedersen conductivity, S P , to the Alfvén wave conductivity S A = 1/m 0 v A above the ionosphere.
Model
[8] This study is based on a reduced two-fluid MHD model describing dynamics of dispersive Alfvén waves in a ''cold'' magnetospheric plasma. The model has been described in detail in several recent papers [e.g., Streltsov et al., 2002; Streltsov and Lotko, 2003b] and the model equations are given in Appendix A. In contrast with our previous studies [e.g., Streltsov and Lotko, 2003b] , the model does not include the effect of anomalous parallel resistivity, which is induced by current-driven instabilities at low altitude. Our previous work was concerned with the onset of auroral acceleration and associated parallel electric fields attributed to collisionless plasma processes. Because the anticipated application of results from the current study is broader than to the auroral zone only, the effect of anomalous resistivity is not considered here.
[9] The computational domain where the model is simulated is formed by a dipole flux tube, extending from 120-km altitude to the equatorial plane and limited in latitude by the L = 7.25 and L = 8.25 magnetic shells [see Streltsov and Lotko, 2003a, Figure 2] . At the equatorial plane the dipole flux tube is spliced onto a cylindrical magnetic flux tube. The dipole part of the domain accurately represents the magnetic field geometry at low altitudes, whereas the cylindrical extension provides a ''buffer zone'' where the wave can propagate after its reflection from the ionosphere without contaminating the dynamics of the low-altitude region with a signal reflected from the artificial high-latitude boundary.
[10] The ''dipole + cylinder'' computational geometry allows us to simulate the two-fluid model with a relatively simple and efficient computational algorithm because the differential geometry in both parts of the domain can be formulated in terms of orthogonal coordinates. We can therefore approximate spatial differential operators in the model equations with finite differences and use a secondorder ''predictor-corrector'' method to time-advance the numerical solution. The computations are performed on a grid with a parallel grid cell progressively decreasing by a factor of 200 in going from the equator to the ionosphere. Thus the grid with 75 cells along the ambient magnetic field over 10 R E distance between the equator and the ionosphere provides a parallel spatial resolution of 14 km near the ionosphere.
[11] In the dipole the geomagnetic field is defined as B 0 = B * r À3 (1 + 3 sin 2 q) 1/2 , where B * = 31,000 nT, q is a colatitudinal angle, and r is a radial distance measured in R E . The background plasma density in the dipole is modeled as
Here r 1 = 1 + 120/R E (E-layer's maximum), r 2 = 1 + 320/R E (F-layer's maximum), and the constants a 1 , a 2 , b 1 , b 2 , b 3 are chosen to control density in the ionospheric E and F layers and at the equatorial plane. In all simulations presented in this paper the initial density in the E-layer is set equal to 6 Â 10 4 cm
À3
, which corresponds to S P0 = 1.95 mho for the parameters discussed in section 2.1. In the equatorial plane the density is chosen to be equal to 0.4 cm À3 (following Streltsov and Lotko [2003b] ). Thus only the magnitude of the density inside the F-layer will be parametrically varied in most simulations presented in this paper. In the cylindrical part of the domain, the background magnetic field, density, and plasma temperature are constant along the axis of the cylinder and their magnitudes match corresponding values in the equatorial plane.
Boundary Conditions
[12] The large-scale field-aligned current is launched into the domain toward the ionosphere from the far end of the cylindrical domain. Here the boundary conditions specify the parallel current density in a form given by equations (B1) and (B2) in Appendix B (reproduced from Streltsov and Lotko [2003b] ). In all simulations presented in this paper this boundary condition is chosen to produce a DC current with a transverse perpendicular scale size of $127 km and a parallel current density of magnitude 5 mA/m 2 at the ionosphere (120 km altitude).
[13] In a two-dimensional case (without Hall current), the ionospheric boundary condition connects E ? with j k via a height integrated Pedersen conductivity, S P , in the wellknown form with sign convention appropriate for the southern ionosphere:
Ionospheric feedback is implemented through S P , which is proportional to the height-integrated E-layer density, n E , calculated every time step from the density continuity equation. In this study S P = M P n E he/cosq, where M P = 10 4 m 2 /sV is the ion Pedersen mobility, e is the elementary charge, h = 20 km is the effective thickness of the E-region, and q = 11°is the angle between the normal to the ionosphere and the L = 7.75 dipole magnetic field line at 120 km altitude. In the most simple form the continuity equation for the ionospheric density can be written as
where a = 3 Á 10 À7 cm 3 /s is the coefficient of recombination and n 0E is an equilibrium plasma density. Some studies of MI coupling in the auroral zone include an additional source A09214 STRELTSOV AND LOTKO: IONOSPHERIC ALFVÉ N RESONATOR term in equation (3) representing effects of multiple ionizations of the ionosphere by the precipitating energetic electrons [e.g., Sato, 1978; Watanabe et al., 1993; Pokhotelov et al. [2002b] . That term is not included here because the focus of this study is on the formation and dynamics of small-scale structures in the downward current channel.
3. Results and Discussion 3.1. 2 P ) ) ) 2 A Above the Ionosphere [14] We start this section with a discussion of the results from simulations of the interaction of a large-scale fieldaligned current with the ionosphere when the initial S P is low but much larger than S A above the E-layer. The range of variation in the background S A can be controlled by the amplitude of the density in the ionospheric F-region. We start with a simulation with density at the F2 peak equal to 2 Â 10 5 cm
À3
. This value together with an E-region density of 6 Â 10 4 cm À3 provides S A above the E-region in the range 0.16 -0.31 mho, which is much smaller than the initial value of S P = 1.95 mho. (In evaluating S A , we have assumed an artificial plasma mass composition of 100% H + through the ionosphere. The influence of heavy ion composition is considered in section 3.2.)
[15] Figure 3 shows five consecutive snapshots of the parallel current density, j k , and five snapshots of the corresponding perpendicular electric field, E ? , inside the dipole part of the domain. The snapshots are taken every 31 s. They start at the time when the parallel current density in the large-scale field-aligned current reaches the amplitude of 5 mA/m 2 in the ionosphere. The first two snapshots in the right column in Figure 3 show that the amplitude of E ? increases in the downward current channel as time proceeds. This occurs because the upflow of electrons in the downward current depletes the E-region density and reduces the conductivity there. Thus more perpendicular electric field must be induced in that region to sustain the current closure through the ionosphere. This mechanism is discussed in more detail in the work of Streltsov and Lotko [2003b] .
[16] In this simulation run the first small-scale structure in j k and E ? appears around t = 43.4 s on the boundary between the upward and downward current channels where a large transverse gradient in the ionospheric density/ conductivity has developed. (In the numerical algorithm used in this paper, the background magnetic field is directed away from the ionosphere as in the southern hemisphere, so an upward current is positive and a downward current is negative.) Magnitudes of j k , E ? , and S P in the ionosphere at this moment of time are shown in Figure 4 . This figure also shows that the amplitude of E ? is also near its maximum at the location were the gradient in S P maximizes. Thus j k at this location can be produced by the term proportional to E ? r ? S P in equation (2).
[17] The parallel current density in this small-scale structure quickly develops a bipolar form with a polarity opposite to the polarity of the initial large-scale current (see the middle frames in Figure 3 corresponding to t = 62 s). The first important consequence of the difference in polarities between the initial large-scale and induced small-scale currents is that the amplitude of the small-scale structure decreases after its initial generation. The effect of the smallscale current on the ionosphere is opposite to that of its ''parent'' large-scale current; it decreases the gradient in the conductivity and perpendicular electric field in the ionosphere induced by the large-scale current. The second consequence of the difference in polarities is that a new ''large + small'' current system produces a strong gradient in the ionospheric density/conductivity where the smallscale upward current abuts the large-scale downward current (on the right of the small-scale structure shown in the third panels in Figure 3) . As a result, a new small-scale parallel current/Alfvén wave is generated here. This process continues, and, as time proceeds, the downward current channel becomes populated with small-scale structures (bottom frames in Figure 3) .
[18] Two important features are mentioned regarding this mechanism. First, although the first ''large + small'' current system produces strong transverse gradients on both the left and the right of the small-scale current, the next small-scale structure appears only on the right side of the domain (in the downward current channel) where the perpendicular electric field in the ionosphere is larger. Second, the dynamics of these currents is determined by the local interaction between the field-aligned current and the ionosphere. In this sense, these structures can be considered as a set of independent field-aligned currents, each generated by a separate gradient in the ionospheric density rather than a one wave package.
[19] More detail in the structure of E ? and B ? in this simulation is shown in Figure 5 . Here, the solid lines show quantities relevant to E ? and dashed lines show quantities relevant to B ? . Figure 5a shows profiles of E ? and B ? taken from the simulations at the time 124 s along the L = 7.74 magnetic field line, the L shell on which the small-scale component of B ? maximizes at this time. Figure 5b illustrates small-scale components of E ? and B ? across the ambient magnetic field taken from the simulations at the same moment of time at the altitude of 0.1 R E (637.1 km). This altitude is shown with a long dashed line in Figure 5a . The power spectra of these fields are shown in Figure 5c . The portion of the signal, shaded gray in Figure 5c , has been filtered out of the fields illustrated in Figures 5a and 5b . The horizontal scale in Figure 5c is normalized on its maximum perpendicular wavenumber, which is 1/3.6 km À1 , for that altitude. (The distance between L = 7.25 and L = 8.25 magnetic shells is 180.4 km at the altitude 0.1 R E . Thus the minimal transverse scale length resolved by the code with 101 grid points between these magnetic shells is 3.6 km at that altitude.)
[20] The main features of the small-scale fields shown in Figure 5 are (1) both E ? and B ? have similar power spectra, (2) both are extended along the ambient magnetic field, and (3) they are in phase, which means that the corresponding Poynting vector is directed from the ionosphere. These properties are qualitatively similar to those of the fields observed by the DMSP satellite in the subauroral zone (Figure 2 ). These structures were modeled by Streltsov and Mishin [2003] in terms of shear Alfvén waves initiated by small-scale disturbances of the ionospheric density in the presence of a large-scale electric field. The present model can be considered as the next step in the development of the MI coupling mechanism. Included in the model large-scale field-aligned current system explains generation of the A09214 STRELTSOV AND LOTKO: IONOSPHERIC ALFVÉ N RESONATOR electric field in the ionosphere and eliminates the need for artificial small-scale fluctuations of the ionospheric density.
3.2. 2 P % % % 2 A Above the Ionosphere [21] The simulations illustrated by Figures 3 and 4 reveal that electromagnetic waves with a perpendicular wavelength !10 km in the ionosphere (their perpendicular wavelength is 3.6/0.28 = 12.9 km at the altitude of 0.1 R E ) are not trapped in the IAR at low altitude. To understand the ionospheric conditions that promote development IAR modes, four additional runs were performed. In each of these runs the density of the F2 peak was progressively increased in increments of 4 Â 10 5 cm
. Results from these computations are shown in Figure 6 . The five snapshots on the right show the amplitude of B ? inside the dipole part of the domain (in the same format as used in show the time evolution of the Pedersen conductivity averaged between L = 7.75 and L = 8.00 magnetic shells (in the downward current region). Zero marks the moment of time when the parallel current density at the ionosphere reaches an amplitude 5 mA/m 2 (which is the zero moment of time in Figure 3 ). The shaded regions in the left plots in Figure 6 indicate the range of variation of S A below the altitude of 0.1 R E .
[22] These simulations confirm a theoretical prediction by Trakhtengertz and Feldstein [1984] , Trakhtengertz and Feldstein [1991] , and Lysak [1991] that the spatiotemporal properties of small-scale electromagnetic structures generated by MI coupling are very sensitive to the ratio of S P and S A above the ionosphere. In particular, when S P % S A , the induced perpendicular electric field generates smallscale Alfvén waves in the ionosphere. These waves propagate upward but are subsequently reflected by the strong gradient in the Alfvén speed at low altitudes. As a result, they form a standing pattern inside the classical IAR cavity, and, as time proceeds, their amplitude can be significantly amplified by the ionospheric feedback instability.
[23] The necessary condition for the ionospheric feedback instability is u d Á k ? > w, where u d = M P E ? is the ion drift velocity in the ionosphere and k ? and w are the perpendicular wavenumber and frequency, respectively Feldstein, 1984, 1991; Lysak and Song, 2002] . In the simulations with n F = 18 Â 10 5 cm
, these parameters at time 124 s are E ? = 250 -275 mV/m, k ? = 2p/7.3 Â 10 3 m
À1
, w = 2p/3.37 s À1 , and M P = 10 4 m 2 /sV. They satisfy the necessary condition 2.15 -2.37 > 1.87. Hence in this case we have dealt with a classical ionospheric feedback instability inside the IAR.
[24] The detailed structure of small-scale E ? and B ? obtained in the simulation with n F = 18 Â 10 5 cm À3 at the time 124 s is shown in Figure 7 with the same notations used in Figure 5 . Figure 7a shows amplitudes of small-scale (filtered) E ? and B ? along the L = 7.83 magnetic field line, where the small-scale component of B ? maximizes at this time. Figure 7b illustrates small-scale components of E ?
and B ? across the ambient magnetic field at the altitude of 0.1 R E , and Figure 7c shows power spectra of the fields with the shaded box indicating the removed part of the signal.
[25] Figure 7 illustrates several important differences in the structure of the resonant small-scale fields obtained in this simulation compared with the propagating waves illustrated in Figure 5 . First, Figure 7a shows that B ? is localized at low-altitude (below 0.3-0.4 R E ), while E ? extends into the magnetosphere. This behavior can be explained by considering the boundary conditions for the waves standing inside the IAR. The small-scale Alfvén waves are generated by the E-region density enhancement where B ? and j k attain maxima. The upper boundary of the resonator is formed by the steep gradient in v A , above which the parallel current density rapidly decreases. It does not go to zero exactly because the upper boundary does not seal the IAR completely. Some part of the wave energy is still leaking through it to the magnetosphere. The boundary conditions on E ? are opposite to those on B ? ; E ? has a minimum at the E-layer (high conductivity) and a maximum on the upper boundary of the resonator (low conductivity). Thus the fundamental harmonic of the IAR shown in Figure 7 has the form of a ''quarter-period'' wave.
[26] The practical implication for the interpretation satellite observations is that above the resonator cavity these small-scale structures look like electrostatic waves (without perpendicular magnetic component). Such waves are frequently observed by the Freja satellite at altitudes of $1700 km [Marklund et al., 1997] and by the FAST satellite at altitudes of $0.5 R E . One example of these waves from FAST is shown in Figure 1 .
[27] The difference in the boundary conditions also introduces a phase shift between E ? and B ? in the Alfvén waves standing inside the IAR. This phase shift is clearly seen in Figure 7b . In general, the phase shift depends on the altitude and reflectivity of the boundaries of the resonant cavity [Lysak, 1991; Knudsen et al., 1992; Demekhov et al., 2000; Grzesiak, 2000] . For a variety of ultra-low-frequency signals measured on the ICB-1300 satellite at auroral latitudes [Dubinin et al., 1990] , this phase shift was demonstrated to be essentially p/2. Some of the small-scale electromagnetic structures recently observed above the nightside subauroral ionosphere by the DMSP satellites also exhibit the same phase effect [Streltsov and Mishin, 2003] .
[28] The profiles of E ? and B ? shown in Figure 7a suggest that the effective upper boundary of the resonator is located at an altitude of $0.3 -0.4 R E above the ionosphere. To verify this estimate, simulations with different profiles of the Alfvén speed were performed. A comparison between these simulations, marked with symbols ''I'' (large gradient in v A ) and ''II'' (small gradient in v A ), is illustrated in Figure 8 . The upper panels in Figure 8 show profiles of the background v A along the L = 7.75 magnetic field line below the altitude of 1.5 R E (Figure 8a ), parallel gradients of v A along this line (Figure 8b) , and time evolution of S P averaged between L = 7.75 and L = 8.00 (Figures 8c and 8d) . The regions shaded with gray indicate the range of variation in S A at altitudes below 0.1 R E . The lower panels marked with symbols I and II show snapshots of B ? and j k taken from the corresponding simulations at time 124 s.
[29] These numerical results confirm a basic idea behind the classical IAR concept that a steep gradient in v A indeed provides a good upper boundary for the resonant cavity at low altitude. (They also confirm that the physical model and its numerical implementation considered in this paper are in a good agreement with relevant theoretical investigations.) In the case where the parallel Alfvén speed gradient is small, small-scale structures are generated in the ionosphere (small-scale currents with an amplitudes up to 15 mA/m 2 are seen in case II simulation), but they propagate to the magnetosphere with little reflection at low latitude, and as a result, without much resonant amplification. The effect of different profiles in v A on properties of IAR has been also discussed by Lysak [1991] . Simulations show that the low gradient in v A illustrated in Figure 8 is just below the threshold for IAR. The magnitude of the gradient in v A necessary to cause reflection of the small-scale wave is $1500-2000 s À1 . [30] The results shown in Figure 8 emphasize again the importance of the condition that S P % S A above the ionosphere for the generation of small-scale Alfvén waves, as it was suggested in pioneering studies of the IAR by Trakhtengertz and Feldstein [1984] , Trakhtengertz and Feldstein [1991] , and Lysak [1991] . A simple explanation of why S P % S A provides the most favorable condition for the IAR is that in this regime the ionospheric impedance matches wave impedance of the bottomside ionosphere (the wave reflection coefficient becomes equal to zero [Mallinckrodt and Carlson, 1978] ), so the small-scale waves generated in the ionosphere can propagate to the magnetosphere. The effect is analogous to the radiation by an antenna into a some medium. If the impedance of the antenna (ionosphere) does not match the impedance of the medium (magnetosphere), the radiated waves do not propagate away from the source. [31] To confirm this conclusion, a simulation was performed with the same n 0 as in the computations illustrated in Figure 3 (n F = 2 Â 10 5 cm
À3
), but the v A was changed at low altitudes by assuming that the ion plasma content is dominated by heavy ions (O 2 + and NO + ). In this simulation the ion mass was modeled as m i = m H (1 + 31 e
, where m H is the mass of the proton, r 1 = 120.0/R E , and r 0 = 600.0/R E .
[32] The comparison between the new simulation and the previous results (Figure 3 ) is shown in Figure 9 in the same format as used in Figure 8 . Symbol II and dashed curves are used to denote the new results. Figure 9d shows that heavy ions significantly modify v A and, consequently, S A at low altitudes. As a result, the amplitude of S P can become comparable with S A in the downward current channel, which leads to the generation of small-scale Alfvén waves by the ionospheric feedback mechanism. These waves reflect from the gradient in v A and form a standing wave pattern inside the IAR cavity.
[33] When small-scale Alfvén waves are not effectively radiated by the feedback mechanism, the system can still develop intermediate-scale field-aligned currents. Because the reflection of the Alfvén waves from the inhomogeneity is proportional to their perpendicular wavenumber [Lysak and Song, 2002] , these waves propagate through the gradient in v A at low altitudes and upward toward the lowaltitude magnetosphere. This behavior explains the simulations illustrated in Figure 3 . The larger-scale waves can be trapped at low altitude and form a resonant oscillations if a resistive/turbulent layer forms in the low-altitude magnetosphere, as described by Trakhtengertz and Feldstein [1991] , Pilipenko et al. [2002] , and Streltsov and Lotko [2003b] . At high latitudes, this layer may be formed by an auroral acceleration region.
[34] The simulations presented in this paper show that the induced current system tends to saturate the feedback instability by preventing further reductions in S P . Thus in the case S P > S A (shown in Figures 3 and 4) , when the secondary, intermediate current system is formed, the averaged S P increases, and the smaller-scale structures do not appear in this simulation. Small-scale resonant waves also saturate the feedback instability because they have significant perpendicular phase velocity (2.16 km/s in the case when n F = 18 Â 10 5 cm
) and carry intense currents (100 mA/m 2 ) near the ionosphere. Interaction of these currents with the ionosphere agitates the ionospheric density and modifies the ionospheric conductivity and the electric field on a scale size comparable with the perpendicular wavelength. Other factors contributing to the instability saturation are (1) the parallel collisional resistivity of the low-altitude plasma, which is chosen to be relatively modest in the presented computations, and (2) numerical dissipation resulting from the finite-difference numerical approach.
Summary
[35] This paper presents results from a numerical study of the influence of the structure of the ionosphere and lowaltitude magnetosphere on the formation and spatiotemporal properties of small-scale intense electromagnetic structures commonly observed by low-altitude satellites in the auroral and subauroral zones. The study is based on a timeevolving, nonlinear, two-fluid MHD model describing multiscale electrodynamics of the magnetosphere-ionosphere coupled system in terms of field-aligned currents, either quasi-static or carried by shear Alfvén waves.
[36] The first conclusion derived from this study is that intermediate-scale (perpendicular size of 10 -20 km at 100 km altitude), intense electric fields and currents can be generated as a consequence of the interaction of a largescale, slowly evolving current system with a weakly conducting ionosphere even without any resonant cavity in the magnetosphere. Simulations show that when the the background Pedersen conductivity is low but much larger than the Alfvén conductivity above the E-layer, an intermediatescale electromagnetic wave initially forms at the boundary between upward and downward current channels. The fieldaligned current and the electric field in this wave originates from a strong transverse gradient in S P which appears on the boundary between the regions where the electrons precipitate into and flow upward from the ionosphere. Free energy for the formation of the wave is derived from the perpendicular electric field induced by the large-scale fieldaligned currents closing though the ionosphere. These waves are therefore initiated by a pair of upward and downward currents interacting with the ionosphere. As time proceeds, more small-scale structures are generated by the same mechanism in the downward current channel. These intermediate-scale waves do not encounter any significant reflection by the gradient in the background Alfvén speed in the low-altitude magnetosphere. After generation they propagate outward along the ambient magnetic field lines.
[37] In situations where the large-scale downward current interacts with a weakly conducting ionosphere and S P % S A , small-scale electromagnetic waves with a perpendicular wavelength <10 km at 100 km altitude can be generated at the ionospheric E-layer and propagate upward to the magnetosphere inside the downward current channel. It should be mentioned here that in the case of very low ionospheric conductivity (winter and nighttime conditions) S P can be much less then S A , and the condition for the generation of small-scale structures (S P % S A ) can be achieved inside the upward current channel. This situation is not considered in the present paper.
[38] If the small-scale Alfvén waves are generated in the ionosphere and the parallel gradient in the background Alfvén speed is sufficiently steep, these waves are reflected in the low-altitude magnetosphere and form a standing pattern inside the classical IAR cavity. In this case their magnitude can be significantly amplified by the ionospheric feedback instability. Our simulations demonstrate that the condition S P % S A promotes excitation of small-scale intense Alfvén waves inside the IAR by a large-scale field-aligned current.
[39] Our results suggest that for the typical high-latitude ionosphere/magnetosphere conditions the small-scale intense electric fields and currents resulting from the ionospheric feedback are most likely generated in the depleted ionospheric regions accompanying downward field-aligned currents. In applications to the auroral region, such fields are expected in the return currents adjacent to stable discrete auroral arcs. In fact, such fields are prevalent in low-altitude satellite observations in the return current regions associated with black auroral arcs [Marklund et al., 1997] . The transverse size of the fields and currents generated by the ionospheric feedback mechanism can be much smaller than the transverse size of the visible aurora.
Appendix A: Model Equations
[40] The reduced, two-dimensional (no azimuthal variation), two-fluid MHD model used in this study includes the electron parallel momentum equation, Here the subscripts k and ? denote vector components in the directions locally parallel and perpendicular to B 0 , v ke is the parallel electron speed, n 0 is the nonuniform background quasi-neutral plasma density,b = B 0 /B 0 , E ? = Àr ? f, E k = Àb Á rf À @A k /@t, p e = n 1 T e , j k = Àen 0 v ke = Àr ? 2 A k /m 0 , T e is a background electron temperature, f is the scalar potential, A k is the parallel component of vector potential, and v A = B 0 / ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi m 0 n 0 m i p is the Alfvén speed. The parallel collisional resistivity (described by the right-hand term in equation (A1)) is included in the model because some studies, for example, Borovsky [1993] and Lessard and Knudsen [2001] , suggest that it may cause an absorption of very small-scale ( 1 km) waves at altitudes below 1000 km. The model for n E used in this paper is based on the nighttime midlatitude profiles given by Kelley [1989] .
Appendix B: Magnetospheric Boundary Conditions
[41] The boundary conditions on the magnetospheric end of the cylinder are specified in terms of the parallel component of the vector-potential, A k , as 
Here t r = 19 s is a ''ramp time'' used to smooth out the front of the propagating wave, x = r À 7.75 with r measured in R E , and k = 2p/'. Parameters A * and l define amplitude and perpendicular wavelength of the parallel current density driving the system. The frequency of the driver, w, is set equal to 0 in all runs considered in this study.
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